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Abstract 

Background: SI 00 A7 (or psoriasin) is distributed in the cytoplasm of keratinocytes of normal human epidermis, and it is 
overexpressed in many epidermal inflammatory diseases. Lipopolysaccharide (LPS) induces mitochondrial function changes, 
which play important roles in multiple cellular mechanisms including inflammation. Although S100A7 expression is 
regulated by various factors in the human epidermis during inflammation, whether S100A7 interacts with mitochondria in 
keratinocytes is not clear. 

Objectives: Oux study was designed to investigate whether S100A7 could prohibit mitochondrial dysfunction and stimulate 
cytokines in cultured normal HaCaT cells treated with LPS. 

Results: We generated HaCaT cells that constitutively express enhanced green fluorescence protein (EGFP)-S100A7 
(S100A7-EGFP) or EGFP alone, as a control. Here, we show that S100A7-EGFP HaCaT cells exhibit an increase in 
mitochondrial DNA (mtDNA) copy number and mitochondrial membrane potential (MMP). qRT-PCR revealed that 
expression of three main mitochondrial biogenesis-associated genes was significantly increased: PPAR-coactivator-1 alpha 
(PGC-1a), the mitochondrial transcription factor A (Tfam) and nuclear respiratory factor-1 (NRF1). S100A7 overexpression 
increased mtDNA content and effectively increased intracellular adenosine 5'-triphosphate (ATP) production, while 
decreasing reactive oxygen species (ROS) generation. S100A7 overexpression also significantly decreased the expression of 
Mfn2 and increased DRP1 expression compared with control EGFP cells. S100A7 down-regulated the expression of the 
autophagy-related proteins Beclin-1 and LC3B. S100A7 also increased expression of IL-6 and IL-8 cytokines. Knockdown of 
S100A7 decreased MMP and disrupted mitochondrial homeostasis. 

Conclusions: These findings demonstrate that S100A7 stimulates mitochondrial biogenesis and increases mitochondrial 
function in HaCaT cells treated with LPS; and S100A7 also promotes secretion of IL-6 and IL-8. 
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Introduction 

S 1 00A7 (psoriasin), a member of the S 1 00 family of EF-hand 
calcium-binding proteins, is distributed in the cytoplasm of 
keratinocytes of normal human epidermis, is present at the cell 
cytoplasm in terminally differentiated keratinocytes [1] and is 
expressed in mammary epithelial cells [2]. S100A7 is encoded in 
the epidermal differentiation complex on chromosome lq21 [3], 
hence it may play an important role in epidermal biology. S 1 00A7 
binds calcium, and its basal expression is influenced by extracel- 



lular calcium levels [4,5]. In addition S100A7 expression is 
regulated by various agents including all-trans retinoic acid, 
retinoid and UV light [6]. Cytokines including oncostatin M, 
interleukin (IL)-6 and IL- 1 induced S 1 00A7 expression directly or 
indirectly through STAT3 pathways [7-9]. 

S100A7 is overexpressed in many epidermal inflammatory 
diseases, including atopic dermatitis, mycosis fungoides, Darier's 
disease, and inflammatory lichen sclerosus and atrophicus [10], 
suggesting that S100A7 may play a role in the inflammatory 
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process. It was also up-regulated in invasive skin cancers [1 1] and 
in a subset of in situ and invasive breast carcinomas [12]. 

Mitochondria play key roles in multiple cellular mechanisms, 
such as intracellular adenosine 5 '-triphosphate (ATP) biosynthesis 
through oxidative phosphorylation, cell death regulation and 
reactive oxygen species (ROS) production. ROS are important for 
amplifying pro-inflammatory pathways, such as NF-kB and JNK. 
Early ROS production, after IL-lfi and lipopolysaccharide (LPS) 
stimulation, is a key messenger for subsequent NF-kB activation 
[13]. 

Mitophagy, the selective degradation of mitochondria [14], 
plays a crucial role in maintaining mitochondrial homeostasis. The 
accumulation of damaged mitochondria is a major cause of 
inflammation. Stimulation of autophagy may mediate cytoprotec- 
tive and anti-inflammatory effects that can at least partially be 
ascribed to the removal of dysfunctional mitochondria [15]. 
However, to the best of our knowledge, how S100A7 affects 
mitochondrial biogenesis and function in LPS-induced HaCaT 
cells is largely unexplored. Therefore, our study was designed to 
investigate whether S100A7 could prohibit mitochondrial dys- 
function and stimulate cytokines in cultured normal human 
keratinocytes treated with LPS. 



Materials and Methods 

Antibodies and Reagents 

All chemicals used were analytical, high- purity reagents from 
Sigma-Aldrich (St Louis, MO) or local vendors. 

Cell Culture and Stable Cell Lines 

The normal human HaCaT cell line was purchased from the 
Chinese Academy of Sciences (Kunming, China) and cultured in 
DMEM supplemented with 10% fetal calf serum. The complete 
S100A7 region was amplified by reverse transcription PCR from 
HaCaT cells using the following primers: sense 5'-GGCAAGCT- 
TAAAGCAAAGATGAGCAACAC-3'; antisense 5'-TATG- 
GATCCTGGGGTCTCTGGAG-3 ' . The resulting amplicon 
was then inserted between the BamHI and Hind III sites of 
pEGFP-C3 (Clontech, Hampshire, UK) to create the S100A7- 
EGFP construct. The plasmid was verified by sequence analysis to 
confirm the absence of mutations. The stable S100A7-EGFP and 
the vehicle-EGFP cell lines were constructed as previously 
described [16]. The transfected HaCaT cells were subcultured 
in the presence of 600 ng mF 1 of G418 (Invitrogen, Carlsbad, 
CA). 
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Figure 1 . Characterization of SI 00A7 overexpression in HaCaT cells. (A) S1 00A7 mRNA levels in HaCaT cells overexpressing S1 00A7. SI 00A7 
mRNA is normalized to (3-actin. The data represent the mean ± SEM of three independent experiments. Statistical significance (**P<0.01 , **P<0.01 ). 
(B) Immunofluorescence analysis of S100A7 overexpression. Cells were stained for EGFP (green) and anti-S100A7 (red); the nuclei were stained with 
DAPI (blue). Veh, vehicle; Veh-EGFP, vehicle-EGFP; pso-EGFP, S100A7-EGFP. 
doi:1 0.1 371 /journal.pone.0092927.g001 
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Figure 2. Effects of S100A7 overexpression on the expression of mitochondrial biogenesis and function. S100A7-EGFP and vehicle- 
EGFP HaCaT cells were exposed to lipopolysaccharide (LPS) (100 or 1000 ng/ml, 24 h). (A, B, C) The mRNA levels of PPAR-coactivator-1 alpha (PGC- 
1a), nuclear respiratory factor-1 (NRF1) and transcription factor A (Tfam) were analyzed by quantitative RT-PCR. (D, E, F, G) Relative mitochondrial 
DNA contents (mtDNA), mitochondrial membrane potential (MMP), intracellular intracellular adenosine 5'-triphosphate (ATP) level and reactive 
oxygen species (ROS) generation were measured respectively. Values are means ± SEM; *Statistical significance (*P<0.05, **P<0.01). veh, vehicle; 
veh-100 or veh-1000, vehicle with 100 or 1000 ng/ml LPS treatment; pso, S100A7; pso-100 or pso-1000, S100A7-EGFP HaCaT cells with 100 or 
1000 ng/ml LPS treatment. 
doi:1 0.1 371 /journal.pone.0092927.g002 



Cell Fixation and Immunofluorescence 

S100A7-EGFP and vehicle-EGFP cells were cultured on 
coverslips, then fixed with 4% paraformaldehyde (Sigma-Aldrich) 



for 15 min and permeabilized with 0.1% Triton X-100/PBS. 
After blocking in 5% BSA/PBS, the cells were incubated with a 
primary antibody for S100A7 for 3 h, washed and then incubated 
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Figure 3. Effects of S100A7 overexpression on mitochondrial dynamics and autophagy activation. S100A7-HaCaT cells were treated for 
24 h with LPS at 100 and 1000 ng/ml. (A, B) The mitochondrial dynamics-related proteins Mfnl, Mfn2 and DRP1 and (C, D) the autophagy-related 
proteins Beclinl and LC3B were detected by Western blot (A, C western blot i mages; B, D statistical results). Values are means — SEM. Statistical 
significance is indicated (*P<0.05, **P<0.01, ***P< 0.001, #P<0.05, AA P<0.01, AAA P<0.001). veh, vehicle; veh-100 or veh-1000, vehicle with 100 or 
1000 ng/ml LPS treatment; pso, S100A7; pso-100 or pso-1000, S100A7-EGFP HaCaT cells with 100 or 1000 ng/ml LPS treatment. 
doi:1 0.1 371 /journal.pone.0092927.g003 
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Figure 4. Effects of S100A7 overexpression on the LPS-induced mRNA and protein expression of IL-6 and IL-8. (A) IL-6 and IL-8 mRNA 
levels and (B) protein levels were assayed after stable HaCaT cells (S100A7-EGFP or vehicle-EGFP) were exposed to LPS (100 or 1000 ng/ml, 24 h).The 
data represent the means ± SEM of three independent experiments. Statistical significance is indicated (*P<0.05, **P<0.01, ***P<0.001). veh, 
vehicle; veh-100 or veh-1000, vehicle with 100 or 1000 ng/ml LPS treatment; pso, S100A7; pso-100 or pso-1000, S100A7-EGFP HaCaT cells with 100 or 
1000 ng/ml LPS treatment. 
doi:1 0.1 371 /journal.pone.0092927.g004 



with the appropriately conjugated secondary antibody (Beyotime, 
Jiangsu, China) for 60 min. Nuclei were stained with 4,6- 
diamidino-2-phenylindole (DAPI; Sigma). Immunofluorescence 
was visualized using a confocal laser scanning microscope (Zeiss, 
Oberkochen, Germany). 

Assay for Mitochondrial Membrane Potential (MMP) 

The MMP was assessed as previously described [17]. Cells were 
incubated with 5 umol/L 5,5',6,6'-tetrachloro-l,l ',3,3'- tetra- 
ethylbenzimidazolylcarbocyanine iodide (JC-1) (Invitrogen) at 
37°C for 60 min. The fluorescence labeled cells were washed 
with PBS and analyzed by a BD FACSCalibur Flow Cytometry 
System (excitation: 485 nm; emission: 530 nm, 590 nm) (BD 
Biosciences, San Diego, CA). The ratio of fluorescence at 590 nm 
versus 530 nm emission was used for quantitating the MMP. 

Assay for Intracellular ATP Levels 

ATP concentrations were assayed as previously described [18]. 
Briefly, cells were lysed and then centrifuged at approximately 
15,000 g for 10 min at 4°C. The supernatants were removed and 
transferred to ATP assay mix working solution (Sigma), and the 
amount of light emitted was measured with a luminometer 
(Thermo Scientific Luminoskan Ascent, Waltham, MA) immedi- 



ately. The luminescence data were normalized by sample protein 
amounts. 

Intracellular ROS Assay 

ROS generation was detected using dichlorodihydrofluorescein 
diacetate (H2DCF-DA) [19]. Fluorescence was determined with a 
fluorescence spectrometer (Flex Stationll 384, Molecular Devices) 
at 485 nm (excitation) and 538 nm (emission). Cellular oxidant 
levels were expressed as relative DCF fluorescence per sample 
protein amounts (measured using a BCA assay). 

Mitochondrial DNA (mtDNA) Quantification 

The mtDNA content was determined as previously described 
[18]. 

RNA Isolation and qRT-PCR 

Total RNA was extracted using the TRIzol reagent (Invitrogen). 
1 .5 u.g of RNA was reverse transcribed, and the synthesized cDNA 
was amplified in triplicate using specific primers (IL-6: sense:5'- 
AAGC C AGAGCTGTGC AGATGAGTA-3 ' ; antisense: 5'- 
TGTCCTGC AGCC ACTGGTTC-3 ' ; IL-8: sense: 5'- 
GTCCTTGTTCC ACTGTGCCT-3 ' ; antisense: 5'-GCTTCCA- 
CATGTCCTCACAA-3 ' ; TNF-oc: sense: 5'-TCCTTCAGA- 
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Figure 5. Effects of S100A7 knockdown on WIMP and mitochondrial homeostasis. (A) Expression of S100A7 mRNA after siRNA transfection. 
HaCaT cells were transfected with S100A7 siRNA using lipofectamin 2000 for 48 h. Total RNA was extracted and subjected to quantitative RT-PCR. The 
amount of SI 00A7 mRNA relative to p-actin is shown. (B) S1 00A7-siRNA HaCaT cells were treated for 24 h with LPS at 1 00 and 1 000 ng/ml. The MMPs 
were assayed. (C, D) The mitochondrial dynamics-related proteins DRP1 and Mfn2 and the autophagy-related protein LC3B were detected by 
Western blot (C, Western blot images; D, statistical results). Values are means ± SEM. Statistical significance is indicated ( # P<0.05, *P<0.05, **P< 
0.01, ***P<0.001). cont, control; veh-si, vehicle-siRNA; veh-si-100 or veh-si-1000, vehicle-siRNA cells with 100 or 1000 ng/ml LPS treatment; pso-si, 
S100A7-siRNA; pso-si-100 or pso-si-1000, S100A7-siRNA HaCaT cells with 100 or 1000 ng/ml LPS treatment. 
doi:1 0.1 371 /journal.pone.0092927.g005 



CACCCTCAACC-3'; antisense: 5'-AGGCCCCAGTTT- 
GAATTCTT-3'; IL-la: sense: 5'-TGGCTCATTTTCCCT- 
CAAAAGTTG-3 ' ; antisense: 5'-AGAAATCGTGAAATCG- 
GAAGTC AAG-3 ' ; IL-lfJ: sense: 5'- 

CCAGGGACAGGATATGGAGCA-3 '; antisense: 5'-TTCAA- 
CACGCAGGACAGGTACAG-3 ' .). The nuclear respiratory fac- 
tor-1 (NRF1), transcription factor A (Tfam) and PPAR-coactiva- 
tor-1 alpha (PGC-la) primers were previously described [20]. 
Quantitative PCR was performed using a real-time PCR system 
(Eppendorf, Germany). Reactions were performed as previously 
described [21]. 

ELISA for Cytokines 

The TNF-oc, IL-6, IL-8, IL-la and IL-1(5 levels in the cell 
culture supernatants were measured by ELISA using kits 
purchased from Excell Biology, Inc. (Shanghai, China). The 
optical density of each well was determined using a microplate 
reader (Bio-Rad, Hercules, CA). 

Western Blot Assays 

Western blot was performed as previously described [17]. In 
brief, blocked membranes were incubated with anti-Beclin 1 , anti- 
LC3B (Cell Signaling Technology, Beverly, MA), anti-S100A7, 
anti-Mfhl, anti-Mfn2, anti-fS-actrn (Santa Cruz), or anti-DRPl 
(BD Biosciences, San Jose, CA) at a dilution of 1:1,000 or 1:2,000. 



Immunoreactive bands were visualized using a chemiluminescent 
ECL detection kit (Pierce, Rockford, IL). 

S100A7 Knockdown by Transient Transfection in HaCaT 
Cells 

Three siRNA nucleotides targeting S100A7 and designed by 
GenePharma (Shanghai, China) were initially assayed. The one 
displaying the maximum S100A7 knockdown in HaCaT cells 48 h 
after transfection was subsequendy used (sense: 5'-GCCGAUGU- 
CUUUGAGAAAATT-3 ' , antisense: 5'-UUUUCUCAAAGA- 
CAUCGGCTT-3'). HaCaT cells were transfected with the 
S100A7-siRNA or NC-siRNA using lipofectamine 2000 (Invitro- 
gen), according to the manufacturer's instructions. Stretch 
experiments were carried out on cells 48 or 72 h post-transfection. 

Statistical Analysis 

Data are expressed as the means ± SEM from at least three 
independent experiments. Statistical significance was calculated by 
one-way analysis of variance (ANOVA) and P value for a multiple 
comparison test using GraphPad Prism 5 statistical software, with 
P values <0.05 considered to be significant. 
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Figure 6. Schematic illustration of the possible mechanisms of 
S100A7 protection against LPS-induced mitochondrial dys- 
function. S100A7 stimulates mitochondrial biogenesis by up-regulat- 
ing PGC-loc signaling pathway. S100A7 down-regulates autophagy but 
promotes inflammation. The mechanism of S100A7 attenuates HaCaT 
cells damage induced by LPS is mediated by mitochondrial homeostasis 
through biogenesis and degradation to increase mitochondrial 
function. Mt: mitochondrion. 
doi:1 0.1 371 /journal.pone.0092927.g006 

Results 

Characterization of S100A7 Overexpression in HaCaT 
Cells 

To investigate the mechanism of S100A7, we generated HaCaT 
cells constitutively expressing S100A7 (S100A7-EGFP cells) or 
EGFP alone (vehicle-EGFP cells). As shown in Figure 1A, after 
stable transfection, the expression of S100A7 mRNA was more 
abundant in the S100A7-EGFP HaCaT cells than in non- 
transfected HaCaT cells or vehicle-EGFP cells, as determined by 
quantitative PCR (Figure 1A). Consistent with S100A7 mRNA 
overexpression, immunofluorescence staining (red) showed that 
the S100A7-EGFP HaCaT cells strongly expressed S100A7 
compared with the vehicle-EGFP cells (Figure IB). 

S100A7 Up-regulated the Expression of Mitochondrial 
Biogenesis Genes 

PGC-la is a co-activator that promotes mitochondrial biogen- 
esis. PGC-loc mRNA expression was strongly suppressed in 
HaCaT cells after cells were challenged with 100 or 1000 ng/ml 
LPS for 24 h, while S100A7 overexpression prevented the LPS- 
induced suppression of PGC-la mRNA expression (Figure 2A). 

NRF1 is a key nuclear-encoded transcription factor that 
regulates the expression of a number of nuclear-encoded genes, 
including mitochondrial Tfam, which are important for mito- 
chondrial function. Tfam is responsible for stability, maintenance 
and transcriptional control of mitochondrial DNA (mtDNA). 
Translocation of Tfam to the mitochondria is important for the 
initiation of mtDNA transcription and replication. NRF1 induces 
the expression of Tfam [22], [23]. Therefore, the relative NRF1 
and Tfam mRNA levels were examined by qRT-PCR. Treatment 
with 100 and 1000 ng/ml LPS for 24 h resulted in decreased 
mRNA expression of NRF 1 and Tfam, similar to the LPS-induced 
suppression of PGC-la expression. However, S100A7 overex- 



pression significantly up-regulated NRF1 and Tfam in HaCaT 
cells with or without LPS challenge (Figure 2B and 2C). 

S100A7 Overexpression Increased mtDNA Content 

Tfam regulates the expression of various nuclear genes encoding 
mitochondrial proteins that regulate mtDNA transcription and 
replication. The level of Tfam expression is proportional to that of 
mtDNA [22], [23]. Because S100A7 stimulated the mRNA 
expression of Tfam, we hypothesized that the mtDNA copy 
number might also be increased. The mtDNA content was 
quantified by real-time PCR and measured as the ratio of D-loop 
to 18s rRNA levels. As shown in Figure 2D, treatment with 100 
and 1000 ng/ml LPS for 24 h resulted in a decrease in the ratio of 
mitochondrial D-loop/ 18s rRNA. The overexpression of S100A7 
resulted in a significant increase in mtDNA copy number 
(Figure 2D). 

S100A7 Protected Mitochondrial Function 

MMP is an important index of mitochondrial function, which is 
closely related to ATP production. An increase in mitochondrial 
biogenesis should be accompanied by increased mitochondrial 
function [22], [23]. We examined MMP, ATP and ROS 
generation and found that exposure to 100 and 1000 ng/ml 
LPS for 24 h caused a decrease in MMP levels. A significant 
increase MMP was observed in S100A7-EGFP HaCaT cells than 
in vehicle-EGFP cells (Figure 2E). S100A7 overexpression 
effectively increased ATP production when compared with 
vehicle-HaCaT cells (Figure 2F). Treatment with 100 or 
1000 ng/ml LPS for 24 h resulted in a significant increase in 
ROS production in HaCaT cells while S100A7 overexpression 
significandy inhibited the LPS-induced ROS production 
(Figure 2G). 

Mitochondrial homeostasis is also regulated by mitochondrial 
fusion and fission which result in a continuous remodeling of the 
mitochondrial network [24]. In our study, we found that LPS (100 
or 1000 ng/ml, 24 h) treatment led to an increase in the 
mitochondrial fusion-related protein, Mfn2, and significandy 
decreased the fission-related protein, DRP1. S100A7 overexpres- 
sion significantly decreased the expression of Mfn2 and increased 
the expression of DRP1, without affecting Mfnl, compared to 
vehicle-EGFP ceUs challenged with LPS (100 or 1000 ng/ml, 
24 h) (Figure 3A and 3B). Thus, we confirmed that S100A7 could 
regulate mitochondrial homeostasis and could stimulate mito- 
chondrial biogenesis in HaCaT cells. 

S100A7 Down-regulated the Expression of Autophagy- 
related Proteins 

Western blot analysis showed that the autophagy-related 
proteins Beclinl and LC3B were highly induced by LPS (100 or 
1000 ng/ml, 24 h) in vehicle-EGFP HaCaT ceUs and that S100A7 
overexpression significantly inhibited the increase in Beclinl and 
LC3B compared with vehicle-EGFP cells induced by LPS 
(Figure 3C and 3D). 

S100A7 Increased IL-6 and IL-8 Production in 
Immortalized Keratinocytes 

After treating S100A7-EGFP cells and vehicle-EGFP HaCaT 
cells with 100 and 1000 ng/ml LPS for 24 h, mRNA levels of IL- 
6, IL-8, TNF-a, IL-la and IL-ip were measured by quantitative 
RT-PCR and protein levels were measured by ELISA. LPS 
increased production of IL-6 and IL-8, which are related to 
inflammatory cutaneous processes, compared with the vehicle- 
EGFP cells. S100A7 overexpression significantly increased IL-6 
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and IL-8 production with or without LPS (100 or 1000 ng/ml, 
24 h) compared to the vehicle-EGFP group (Figure 4A and 4B). 
Stimulation with LPS (100 or 1000 ng/ml, 24 h) in HaCaT cells 
overexpressing S100A7 did not significantly increase TNF-a, IL- 
la or IL-ip mPvNA or protein levels (Data not shown). 

Knockdown of S100A7 Decreased MMP and Disrupted 
Mitochondrial Homeostasis 

To better understand how influential S100A7 is on mitochon- 
drial function and biogenesis in HaCaT cells, we used siRNA to 
knockdown S100A7 in HaCaT cells. As shown in Figure 5A, 
S100A7 mRNA was decreased in S100A7-siRNA HaCaT cells at 
the 48 h time point compared with the negative control (vehicle- 
siPvNA) and the non-transfected control groups (Figure 5A). Next, 
we determined the effects of S100A7 knockdown on the 
mitochondrial membrane potential. The addition of LPS (100 or 
1000 ng/ml, 24 h) to S100A7 knockdown cells led to a decrease in 
the expression of MMP compared with the vehicle-siRNA group 
(Figure 5B). Treatment of vehicle-siRNA HaCaT cells and 
S100A7-siRNA cells with LPS (100 or 1000 ng/ml, 24 h) led to 
a significant increase in Mfn2 expression. But the addition of LPS 
to vehicle-siRNA cells and to S100A7-siRNA cells showed no 
significant decreases in DRP1 expression. Meanwhile, silencing 
S100A7 led to significant increases in the expression of the 
autophagy-related protein, LC3B (Figure 5C and 5D). The effect 
of S100A7 knockdown is equivalent to the exogenous addition of 
LPS (100 or 1000 ng/ml, 24 h) in HaCaT cells. Our results may 
be summarized in a mechanistic model of how S 1 00A7 attenuates 
HaCaT cells damage stimulated with LPS by activating mito- 
chondrial biogenesis and promoting mitochondrial function 
(Figure 6). 

Discussion 

Epithelial surfaces harbor an abundance of microbes which 
surprisingly rarely lead to infections. The stratum corneum of the 
skin acts as a physical barrier that separates the body from the 
environment. S 1 00 A7 was described to have antimicrobial activity 
and to play an important role in surface defense [25]. It is 
expressed in normal, human differentiated keratinocytes and it is 
highly up-regulated in skin diseases, including skin inflammation 
and invasive skin cancers [26]. 

Mitochondria play critical roles in the life and death of cells. 
Mitochondrial dynamics maintain normal mitochondrial function 
by degrading damaged mitochondria and generating new 
mitochondria. In the present study, we showed that S100A7 
stimulated the protein expression of PGC-loc, the central factor for 
mitochondrial biogenesis and the mRNA levels of its downstream 
targets, NRF1 and Tfam (Figure 2A, 2B and 2C). We used 
mtDNA copy number to evaluate mitochondrial biogenesis. 
S100A7 increased the quantity of mtDNA and, consequently, 
the number of mitochondria increased (Figure 2D). We also found 
that S100A7 maintained mitochondrial homeostasis through 
regulated mitochondrial fusion and fission in LPS-induced HaCaT 
cells. As shown in Figure 3, S100A7 overexpression decreased 
Mfn2 and increased DRP1 significantly (Figure 3 A and 3B). When 
we knocked down S100A7 in LPS-induced HaCaT cells, 
expression of the fusion protein Mfn2 significantly increased 
(Figure 5C and 5D). 

The mitochondrion is vital to cellular energy and metabolism, 
being the site of the generation of most ATP. Additionally, 
mitochondria are the main sources of endogenous ROS. Various 
stress conditions, including increased metabolic rates, hypoxia or 
membrane damage all markedly induce mitochondrial ROS 



production leading to mitochondrial dysfunction [27]. We found 
that increasing mtDNA copy numbers and mitochondrial 
biogenesis were accompanied by the enhancement of mitochon- 
drial function, including an increase in ATP levels and a decrease 
in ROS generation (Figure 2F and 2G). 

Autophagy is a homeostatic and dynamic process for the 
intracellular recycling of cytoplasm, proteins, lipids, and organelles 
[28]. We detected the involvement of autophagy by examining 
Beclinl and LC3B. As shown in Figure 3C and 3D, LPS caused 
significant increases in the expression of Beclinl and LC3B in 
HaCaT cells, suggesting that autophagy is greatly enhanced as a 
defense mechanism for the clearing of damaged mitochondria and 
unnecessary proteins. S100A7 overexpression effectively prevented 
the increases in Beclinl and LC3B, suggesting that no significant 
accumulation of damaged mitochondria and unnecessary proteins 
had occurred with or without LPS (Figure 3C and 3D). S100A7 
knockdown significantly increased the expression of the autoph- 
agy-related protein LC3B (Figure 5C and 5D). 

In addition to their antimicrobial properties [25] [29], previous 
studies have shown that released S100A7 can function as a 
chemotactic agent and can activate various inflammatory cells, 
including neutrophils. It also regulates immunomodulatory activ- 
ities in keratinocytes, including the enhancement of cytokine 
production, chemotaxis, cell proliferation and wound healing 
[30,31]. Moreover, TNF-a, butyrate, VD3, EOF, PMA, flagellin 
and IL-ip significantly enhanced the expression of S100A7 in 
keratinocytes [32]. S100A7 was identified as chemotactic for 
granulocytes, monocytes and lymphocytes. S100A7 provoked an 
inflammatory response that was dose- and time-dependent and 
was mediated by RAGE, indicating that the identified S100A7 
interaction with RAGE may provide a novel therapeutic target for 
inflammation [33]. 

Based on these previous studies, we concluded that some 
cytokines, such as IL-8, could induce the expression of S100A7 
and S100A7 could activate the production of IL-6 and IL-8. The 
current study shows that S100A7 overexpression enhances the 
secretion of IL-6 and IL-8. The effect is similar to the exogenous 
addition of LPS in HaCaT cells (Figure 4A and 4B). Consistent 
with the report that autophagy could control inflammation to limit 
the production of the inflammatory cytokines [34] , SI 00A7 down- 
regulates autophagy but promotes inflammatory cytokines secre- 
tion. The mechanism of S100A7 attenuates mitochondrial 
dysfunction is mediated by mitochondrial homeostasis through 
biogenesis and degradation in HaCaT cells (Figure 6). IL-6 
induces a PI 3-kinase and NO-dependent protection and preserves 
mitochondrial function in cardiomyocytes [35]. IL-6 protects 
against hyperoxia-induced lung mitochondrial damage via Bcl-2- 
induced bak interactions with mitofusions [36] . Thus, we speculate 
that IL-6 and IL-8 may interact with specific receptors to affect 
mitochondrial function. Additional studies are necessary to 
confirm the mechanism of IL-6 and IL-8 in influencing 
mitochondrial function in HaCaT cells induced by LPS. 

The MAPK pathway has been shown to be involved in a large 
variety of cellular activities, ranging from cell survival and 
proliferation to the expression of pro-inflammatory cytokines 
and chemokines [37,38]. TNF-a-induced S100A7 expression is 
regulated by a p38-MAPK and ERKl/2-dependent mechanism 
in cultured human keratinocytes [39] . IL-36 cytokines enhance the 
production of S100A7 in human keratinocytes through the 
activation of MAPKs and NF-kB [40]. S100A7 activates 
neutrophils to produce IL-6, IL-8, TNF-a, macrophage inflam- 
matory protein- la (MlP-la), MIP-lfS and MIP-3a through the 
phosphorylation of p38 MAPK and ERK [41]. STAT3 and NF- 
kB regulate S 1 00A7 expression in human bronchial epithelial cells 
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[42]. S100A7 and epidermal fatty acid binding protein (E-FABP), 
a potential target of S100A7, were shown to interact in cultured 
normal human keratinocytes [43]. Therefore, it will be necessary 
to investigate MAPK and NF-kB activation along with specific 
receptors which interact with S100A7 to elucidate the mechanism 
by which S100A7 might stimulate keratinocytes. 

Taken together, our results show that S 1 00A7 is a promoter of 
mitochondrial biogenesis and function and it increases IL-6 and 
IL-8 secretion in HaCaT cells both when challenged by LPS or 
not challenged. These data suggest that S100A7 may potentially 
have therapeutic applications in treating inflammatory skin 

References 

1. Broome A-M, Ryan D, Eckcrt RL (2003) SI 00 protein subcellular localization 
during epidermal differentiation and psoriasis. Journal of Histochemistry & 
Cytochemistry 51: 675-685. 

2. Enerback G, Porter DA, Seth P, Sgroi D, Gaudet J, et al. (2002) Psoriasin 
expression in mammary epithelial cells in vitro and in vivo. Cancer research 62: 
43-47. 

3. Donato R (2001) S100: a multigenic family of calcium-modulated proteins of the 
EF-hand type with intracellular and extracellular functional roles. International 
Journal of Biochemistry & Cell Biology 33: 637-668. 

4. Donato R (1999) Functional roles of SI 00 proteins, calcium-binding proteins of 
the EF-hand type. Biochimica et Biophysica Acta (BBA)-Moleeular Cell 
Research 1450: 191-231. 

5. Hoffmann HJ, Olsen E, Etzerodt M, Madsen P, Thogcrsen HC, ct al. (1994) 
Psoriasin Binds Calcium And Is Up-Regulated By Calcium To Levels That 
Resemble Those Observed In Normal Skin. Journal of Investigative Dermatol- 
ogy 103: 370-375. 

6. Eckcrt RL, Broome AM, Ruse M, Robinson N, Ryan D, et al. (2004) S100 
proteins in the epidermis. Journal of Investigative Dermatology 123: 23—33. 

7. Perrier S, Caldefie-Chezet F, Vasson M-P (2009) IL-1 family in breast cancer: 
Potential interplay with leptin and other adipoeytokines. Febs Letters 583: 259- 
265. 

8. Ranger JJ, Levy DE, Shahalizadeh S, Hallett M, Mullcr WJ (2009) Identification 
of a Stat3-Dcpcndcnt Transcription Regulatory Network Involved in Metastatic 
Progression. Cancer Res 69: 6823-6830. 

9. West NR, Watson PH (2010) S100A7 (psoriasin) is induced by the 
proinflammatory cytokines oncostatin-M and interleukin-6 in human breast 
cancer. Oncogene 29: 2083-2092. 

10. Madsen P, Rasmussen HH, Leffers H, Honore B, Dejgaard K, et al. (1991) 
Molecular cloning, occurrence, and expression of a novel partially secreted 
protein "psoriasin" that is highly up-regulated in psoriatic skin. Journal of 
Investigative Dermatology 97: 701-712. 

11. Alowami S, Qmg G, Emberley E, Snell L, Watson PH (2003) Psoriasin (S100A7) 
expression is altered during skin tumorigenesis. BMC dermatology 3: 1. 

12. Emberley ED, Niu Y, Lcygue E, Tomes L, Gictz RD, et al. (2003) Psoriasin 
interacts with Jab 1 and influences breast cancer progression. Cancer research 
63: 1954-1961. 

13. Gloire G, Legrand-Poels S, Piette J (2006) NF-kB activation by reactive oxygen 
species: Fifteen years later. Biochem Pharmacol 72: 1493-1505. 

14. Kim I, Rodriguez- Enriquez S, Lemasters JJ (2007) Selective degradation of 
mitochondria by mitophagy. Archives of Biochemistry and Biophysics 462: 245- 
253. 

15. Green DR, Galluzzi L, Kroemer G (2011) Mitochondria and the autophagy- 
inflammation-cell death axis in organismal aging. Science 333: 1109—1112. 

16. Takeichi T, Sugiura K, Muro Y, Matsumoto K, Ogawa Y, et al. (2010) 
Ovcrcxpression of LEDGF/DFS70 induces IL-6 via p38 activation in HaCaT 
cells, similar to that seen in the psoriatic condition. Journal of Investigative 
Dermatology 130: 2760-2767. 

17. Feng Z, Bai L, Yan J, Li Y, Shcn W, et al. (2011) Mitochondrial dynamic 
remodeling in strenuous exercise-induced muscle and mitochondrial dysfunc- 
tion: regulatory effects of hydroxytyrosol. Free Radic Biol Med 50: 1437—1446. 

18. Luo C, Li Y, Wang H, Feng Z, Li Y, et al. (2013) Mitochondrial accumulation 
under oxidative stress is due to defects in autophagy. Journal of Cellular 
Biochemistry 1 1 4: 2 1 2-2 1 9. 

19. Lebel CP, Ischiropoulos H, Bondy SC (1992) Evaluation Of The Probe 2', 7'- 
Dichlorofluorescin As An Indicator Of Reactive Oxygen Species Formation And 
Oxidative Stress. Chemical Research in Toxicology 5: 227-231. 

20. Zaccagnino P, Saltarclla M, Maiorano S, Gaballo A, Santoro G, et al. (2012) An 
active mitochondrial biogenesis occurs during dendritic cell differentiation. 
International Journal of Biochemistry & Cell Biology 44: 1962—1969. 

21. Hao J, Shen W, Yu G, Jia H, Li X, et al. (2010) Hydroxytyrosol promotes 
mitochondrial biogenesis and mitochondrial function in 3T3-L1 adipocytes. 
J Nutr Biochem 21: 634-644. 

22. LiuJ (2008) The effects and mechanisms of mitochondrial nutrient alpha-lipoic 
acid on improving age-associated mitochondrial and cognitive dysfunction: An 
overview. Neurochem Res 33: 194-203. 



diseases. Further study of the role of S100A7 in skin inflammation 
is warranted and will be necessary to gain a clear understanding of 
the underlying mechanisms by which it is involved in these 
processes. 

Author Contributions 

Conceived and designed the experiments: JL WS YZ. Performed the 
experiments: WZ ZL YC QT SX. Analyzed the data: ZL YG QT SX. 
Wrote the paper: WS FL JL. 



23. Reznick RM, Shulman GI (2006) The role of AMP-activated protein kinase in 
mitochondrial biogenesis. Journal of" Physiology-London 574: 33-39. 

24. Bo H, Zhang Y, Ji LL (2010) Redefining the role of mitochondria in exercise: a 
dynamic remodeling. In: Y. H Wei, G. R Tzcng and H. M Lee, editors. 
Mitochondrial Research in Translational Medicine. 121-128. 

25. Glaser R, Harder J, Lange H, Bartels J, Christophers E, et al. (2005) 
Antimicrobial psoriasin (S100A7) protects human skin from Escherichia coli 
infection. Nat Immunol 6: 57-64. 

26. Alowami S, Qing G, Emberley E, Snell L, Watson PH (2003) Psoriasin (S100A7) 
expression is altered during skin tumorigenesis. BMC dermatology 3: 1—1. 

27. Brookes PS, Yoon YS, Robotham JL, Anders MW, Sheu SS (2004) Calcium, 
ATP, and ROS: a mitochondrial love-hate triangle. American Journal of 
Physiology-Cell Physiology 287: G8 1 7-C833. 

28. Levine B, Kroemer G (2008) Autophagy in the pathogenesis of disease. Cell 132: 
27^2. 

29. Li XQj Lecuw E, Lu WY (2005) Total chemical synthesis of human psoriasin by 
native chemical ligation. Biochemistry 44: 14688-14694. 

30. Jinquan T, Vorum H, Larscn CG, Madsen P, Rasmussen HR, et al. (1996) 
Psoriasin: A novel chemotactic protein. Journal of Investigative Dermatology 
107: 5-10. 

31. Lee KC, Eckcrt RL (2007) S100A7 (Psoriasin) - Mechanism of antibacterial 
action in wounds. Journal of "Investigative Dermatology 127: 945—957. 

32. Niyonsaba F, Hattori F, Maeyama K, Ogawa H, Okamoto K (2008) Induction 
of a microbicidal protein psoriasin (S100A7), and its stimulatory effects on 
normal human keratinocytes. Journal of Dcrmatological Science 52: 216-219. 

33. Wolf R, Howard OZ, Dong H-F, Voscopoulos C, Boeshans K, et al. (2008) 
Chemotactic activity of S100A7 (Psoriasin) is mediated by the receptor for 
advanced glycation end products and potentiates inflammation with highly 
homologous but functionally distinct S100A15. The Journal of Immunology 181: 
1499-1506. 

34. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang B-G, et al. (2008) Loss of the 
autophagy protein Atgl6Ll enhances endotoxin-induced IL-lp production. 
Nature 456: 264-268. 

35. Smart N, Mojet MH, Latchman DS, Marber MS, Duchen MR, et al. (2006) IL- 
6 induces PI 3-kinase and nitric oxide-dependent protection and preserves 
mitochondrial function in cardiomyocytcs. Cardiovascular research 69: 164— 
177. 

36. Waxman AB, Kolliputi N (2009) IL-6 protects against hyperoxia-induced 
mitochondrial damage via Bcl-2-induced Bak interactions with mitofusins. 
American journal of respiratory cell and molecular biology 41: 385-396. 

37. Ballif BA, Blenis J (2001) Molecular mechanisms mediating mammalian 
mitogen- activated protein kinase (MAPK) kinase (MEK)-MAPK cell survival 
signals. Cell Growth & Differentiation 12: 397-408. 

38. Chang LF, Karin M (2001) Mammalian MAP kinase signalling cascades. Nature 
410: 37-40. 

39. Kang Z, Mose M, Lversen L, Johansen C (2012) TNF-alpha and IL-17A- 
induced S100A7 expression is regulated by a p38 MAPK and ERK1/2 
dependent mechanism in cultured human keratinocytes. Journal oflnvcstigative 
Dermatology 132: S25-S25. 

40. Toan The N, Niyonsaba F, Ushio H, Akiyama T, Kiatsurayanon C, et al. (2012) 
Interleukin-36 cytokines enhance the production of host defense peptides 
psoriasin and LL-37 by human keratinocytes through activation of MAPKs and 
NF-kappa B. Journal of Dcrmatological Science 68: 63-66. 

41. Zheng Y, Niyonsaba F, Ushio H, Ikeda S, Nagaoka I, et al. (2008) Microbicidal 
protein psoriasin is a multifunctional modulator of neutrophil activation. 
Immunology 124: 357-367. 

42. Hulse KE, Singh R, Chaung K, Norton J, Harris K, et al. (2012) STAT3 and 
NF-kB Regulate S100A7 Expression in Human Bronchial Epithelial Cells. 
Journal of Allergy and Clinical Immunology 129: AB68. 

43. Ruse M, Broome AM, Eckert RL (2003) S100A7 (psoriasin) interacts with 
epidermal fatty acid binding protein and localizes in focal adhesion-like 
structures in cultured keratinocytes. Journal oflnvcstigative Dermatology 121: 
132-141. 



PLOS ONE | www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e92927 



